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Neuronal Peptide Release Is Limited
by Secretory Granule Mobility
fluorescent protein). This was initially attempted by fus-
ing the native jellyfish GFP with chromogranin (Kaether
and Gerdes, 1995). However, fluorescence microscopy
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Koichi Takimoto,* Simon C. Watkins,²
and Edwin S. Levitan*§
*Department of Pharmacology revealed that much of the protein was trapped in the
Golgi. More recently, it was shown that expression of²Department of Cell Biology and Physiology
University of Pittsburgh a proinsulin±GFP fusion protein may allow for optical
detection of peptide release from pancreatic beta cellsPittsburgh, Pennsylvania 15261
(Patterson et al., 1996). This approach was further ex-
plored with the use of a mutated GFP (mut2; Cormack
et al., 1996) and neuropeptide Y and chromogranin (LangSummary
et al., 1997). Again, decreases in fluorescence were seen
upon depolarization, suggesting that the labeled pep-Neuropeptides are slowly released from a limited pool
tides might be secreted. Furthermore, that paper showedof secretory granules. To visualize this process, GFP-
that granule movement could be followed with total in-tagged preproatrial natriuretic factor (ANF) was ex-
ternal reflection microscopy. However, direct biochemi-pressed in nerve growth factor-treated PC12 cells.
cal detection of secretion was not demonstrated, andBiochemical and microfluorimetric experiments dem-
movement was not analyzed. Thus, previous studiesonstrate that proANF-EGFP is packaged in granules
could not relate peptide release to granule movementthat accumulate at neurite endings and is released in
and location.a Ca21-dependent manner by secretagogs. Confocal
To test whether intracellular granule dynamics couldmicroscopy shows that secretion is associated with
influence secretion, we independently performed bothdepletion of granules distributed throughout the termi-
biochemical and optical experiments with a differentnal. Fluorescence recovery after photobleaching and
GFP-tagged secreted peptide. In our experiments, atime-lapse particle tracking reveal that only a subpop-
humanized version of the mut1 (Cormack et al., 1996)ulation of cytoplasmic secretory granules, similar in
variant of GFP termed EGFP (Yang et al., 1996; Zhangsize to the releasable pool, can move quickly enough
et al., 1996) was fused to theC terminus of rat preproANF(D 5 6 3 10211 cm2/s) to support release. Therefore,
(atrial natriuretic factor), and this construct was ex-sustained secretory responses are limited by the num-
pressed in nerve growth factor (NGF)-treated PC12ber of mobile granules and their slow rate of diffusion.
pheochromocytoma cells. Here,we present biochemical
and microfluorimetric data that demonstrate that theIntroduction
GFP-tagged peptide is stored in secretory granules and
is slowly released from neurites in response to depolar-Neuropeptide release is evoked by elevations in Ca21.
ization in a Ca21-dependent manner. A Ca21 ionophore,This process is distinct from secretion of classical trans-
dialysis of the cytoplasm with Ca21, and extracellularmitters in that it is not associated with active zones, is
ATP also evoke release. This system is then used torelatively slow, and typically requires bouts of action
address two fundamental and pressing questions re-potential activity. Furthermore, peptidergic granules
lated to the control of peptide release. First, is the poolcannot be refilled locally. Rather, new peptide must be
of releasable peptide spatially distinct? Second, whatsynthesized in thecell body and transported to terminals
is the mobility of peptide-containing secretory vesicles?(for review, see Bean et al., 1994). This constraint sug-
gests that it would be advantageous to tightly control
peptidergic secretion. Indeed, secretion experiments in Results and Discussion
many preparations indicate that releasable and reserve
pools of neuropeptides and peptide hormones exist. Localization of the GFP-Tagged Prohormone
However, the factors that control the kinetics and size A cDNA construct was made by fusing a mutated GFP
of secretory responses are unknown. sequence to a clone that encodes rat preproANF (Seid-
One possibility is that regulated release of peptides man et al., 1984), a peptide known to be targeted to the
is governed by the the number of granules located next regulated pathway in neuroendocrine cells (Shields et
to the membrane. Directly testing this hypothesis has al., 1990; Shiono et al., 1991). In forming the fusion con-
been hindered by the inability to detect trafficking of struct, the N-terminal sequences that are likely to be
peptides in live cells. Release and vesicle trafficking responsible for targeting proANF to secretory granules
can be followed with fluorescent lipophilic dyes such were left intact, while a potential protease site at the C
as FM1-43 (Betz et al., 1996). However, these dyes pref- terminus of the hormone was replaced with an 11 amino
erentially label rapidly cycling vesicles that are unlikely acid linker sequence (see Experimental Procedures).
to contain neuropeptides. An alternative strategy for After transfection into PC12 cells, epifluorescence mi-
following intracellular peptide movement and release croscopy revealed a punctate distribution of the peptide
could be to label secreted proteins with GFP (green throughout the cytoplasm (Figure 1). In NGF-treated
cells, the fluorescent granules accumulated in neurite
terminals (Figures 1B±1D). Likewise, the GFP-tagged³These authors contributed equally to this work.
§To whom correspondence should be addressed. peptide was restricted to one end of polarized AtT-20
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Figure 1. Localization and Release of a GFP-
Tagged Peptide
(A) Confocal image of a PC12 cell grown in
the absence of NGF. (B and C) Confocal im-
ages of NGF-treated cells. Note punctate dis-
tribution in the cell bodies and the concentra-
tion of peptide at the endings of neurites. (D)
Epifluorescence image of an NGF-treated
cell. Note that granules can be seen in neurite
ending. Confocal images (A)±(C) were digitized
at 8 bits while (D) was digitized at 12 bits.
clonal pituitary cells (data not shown) as has been found Depolarization by bath application of 50±100 mM K1
with native peptide hormones (Rivas and Moore, 1989). evoked release of 24.3% 6 4.1% (mean 6 SE, n 5 18)
Thus, proANF-EGFP appears tobe processed and pack- of neurite fluorescence (Figure 3A), and this effect also
aged efficiently and then targeted to known sites of required bath Ca21 (n 5 6) (Figure 3B). These responses
secretory granule accumulation. are not significantly different than the biochemical mea-
surements of release (Figure 2B). Release was also
Biochemical Detection of ProANF-EGFP evoked from undifferentiated cells by dialysis of the cy-
Biochemical studies were then performed to examine if toplasm via a patch pipette with a solution containing
GFP remains associated with ANF and is released in a 100 mM Ca21 (29.6% 6 7.6% release, n 5 7 cells) (Figure
regulated manner. Native ANF is stored as a prohormone 3C) but not by dialysis with a 0 Ca21, EGTA-containing
(proANF) and is proteolyzed upon release (Sei et al., solution (3.7% 6 1.3% decrease, n 5 7) (Figure 3D).
1992). PC12 cells do not normally synthesize ANF. How- Likewise, bath application of 1 mM Br-A23187, a Ca21
ever, transfection studies have shown that proANF can ionophore, stimulated a 19.7% 6 2.8% release (n 5 10)
be stored in PC12 cells and is targeted to the regulated of neurite ending content in a Ca21-dependent manner
pathway (Shiono et al., 1991). Therefore, if the trans- (n 5 4) (Figures 3E and 3F). Finally, extracellular ATP,
fected construct was processed correctly, a protein with which acts predominantly through P2 receptors tostimu-
the molecular weight of the fusion protein should be late secretion from PC12 cells (Majid et al.,1992), elicited
detected in a particulate fraction. Immunoblots with an significant peptide secretion (22.2% 6 5.6% release,
anti-GFP antibody detected an z45 kDa protein, the n 5 10) (Figure 3G) from neurites. Therefore, stored
expected size of the proANF-EGFP peptide, in a P2 frac- fluorescent peptide is released in response to a variety
tion that is known to contain secretory granules (Figure
of secretagogs.
2A). No comparable peptide was seen in mock trans-
Further examination of these data reveals a number
fected cells. Furthermore, a 27 kDa band indicative of
of significant points. First, in all cases, only a fractionfree GFP was not seen. Thus, the GFP moiety must have
of the total peptide pool was secreted. This feature isremained fused to stored proANF.
a common characteristic of secretion of endogenousRadioimmunoassays were then used to quantitate re-
hormones and neuropeptides. The fact that the sizes oflease of the GFP-tagged peptide. Depolarization with
secretory responses evoked by different secretagogselevated extracellular K1 triggered release of a portion
are not significantly different (p 5 0.67) implies that theof cellular ANF immunoreactivity (n 5 5). As expected
releasable pool comprises 20%±30% of packaged pep-for normal secretion, depolarization-induced release re-
tide. Second, with all secretagogs tested, no fast phasequired extracellular Ca21 (n 5 4) (Figure 2B). Thus, a
of secretion was evident. Because bath application ofbiochemical detection method has demonstrated that
K1 takes z10 s in our setup, we could not have resolvedthe GFP-tagged peptide is released in a regulated
a subsecond response. However, depolarization via amanner.
patch-clamp electrode also failed to reveal a burst of
release (data not shown). Furthermore, experiments withA Variety of Secretagogs Evoke Slow Release
chromaffin cells suggest that a fast phase of secretionof a Fraction of GFP-Tagged Peptide
in the first minute of stimulation can be detected evenPeptide release from single cells or neurite endings was
then assayed by measuring decreases in fluorescence. with biochemical methods (e.g., Bittner and Holz, 1992;
Peptide Secretion Is Limited by Granule Mobility
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Figure 2. Biochemical Detection of ProANF-
EGFP and Its Release
(A) Detection of GFP immunoreactivity in P2
particulate fraction from transfected cells. No
comparable immunoreactivity was seen in
mock transfected cells. Also, a 27 kDa band
indicative of free GFP was not evident.
(B) K1-induced release of ANF immunore-
activity measured by radioimmunoassay re-
quires Ca21 in the bathing medium. Data from
three experiments are shown. See Experi-
mental Procedures for detailed description of
experiment.
Gutierrez et al., 1997). Thus, while we have not at- neurite endings were evident (e.g., white regions in Fig-
ure 4), and in some cases, these regions did not movetempted to measure the exact size of the readily releas-
able pool, our results are consistent with the conclusion appreciably (data not shown). Hence, movement of
some secretory granules must be restricted. If such re-that it represents a small fraction of total releasable
peptide. Capacitance measurements suggest that this is strictions were substantial, they might influence the ki-
netics or magnitude of secretory responses.also a common feature of secretion of native hormones
(e.g., Horrigan and Bookman, 1994). Finally, in many Mobility of GFP fusion proteins can be investigated
by using fluorescence recovery after photobleachingcells, release followed first order kinetics. For example,
Br-A23187-evoked release could be fit with t1/2 5 159 6 (FRAP) (Cole et al., 1996). To determine if the number
of mobile granules or their rate of movement could influ-21 s for five cells. Similarly, in four of seven cells dialyzed
with 100 mM Ca21, release was well-described with t1/2 5 ence secretion, FRAP experiments were conducted on
neurites. In all cases, the confocal microscope was fo-84 6 9 s. In the latter case, it is unlikely that Ca21 limited
the kinetics of release. Rather, it is possible that a single cused midway up the neurite ending so that movement
of cytoplasmic granules could be imaged. In Figure 5A,Ca21-independent step was rate limiting.
a dark line is apparent on a neurite terminal after photo-
bleaching. After 10 min, only partial recovery is evidentSecretion Does Not Specifically Deplete a Granule
(Figure 5B). This movement does not appear to be orga-Pool near the Plasma Membrane
nized (i.e., no asymmetries or patterns were evident;These findings raised the question of whether the size
data not shown). Thus, granules appear to diffuse ran-or speed of secretory responses could be explained in
domly. FRAP measurements further revealed that gran-terms of granule distribution. For example, releasable
ule movement is slow (Figure 5C, t1/2 5 125 6 36 s, n 5peptide might be packaged in granules located next to
4). The equation for deducing the diffusion coefficientthe membrane so that secretion ceases when this pool
from recovery after a line bleach is D 5 (3r2/4t1/2)g, whereis depleted. If this were the case, one would expect to
r is the half width of the bleach line, and g is a correctionfind a marked depletion of peptide near the membrane
factor for bleach depth (Feldman et al., 1981). With thisfollowing maximal stimulation. However, confocal mi-
equation, our data yield a value for D of 4.9 3 10211croscopy indicated that depolarization reduced peptide
cm2/s for mobile granules. This is z104 times slowercontent throughout neurite endings (n 5 7) (Figure 4).
than the movement of free GFP in the cytoplasm (TerryNo membrane-specific depletion was detected, even
et al., 1995; Swaminathan et al., 1997). Finally, recoverywhen confocal images were acquired every 20±60 s.
of fluorescence was found to be incomplete (Figure 5C):This result shows that peptide distributed throughout
only 30% 6 4.8% of granules are fully mobile (n 5 7).the neurite ending left the plane of focus. Since results
Fully mobile peptide was also rare after depolarizationacross many planes of focus from a single neurite were
(data not shown). Thus, FRAP experiments suggest thatsimilar, secretion must have been associated with a
a minority of granules diffuses slowly, while a majoritydistributed decrease in peptide levels. Thus, the releas-
of cytoplasmic peptidergic secretory granules in neuriteable pool is not determined only by spatial constraints.
terminals is immobile (or restricted in their movement)Furthermore, the global decrease in peptide levels im-
and hence unavailable for short secretory responses.plies that some peptidergic granules must be mobile
and redistribute during secretory responses.
Tracking the Diffusion of Individual Granules
A limitation of FRAP experiments is that the bright laserMobility of Secretory Granules
Detected by FRAP light used for photobleaching could damage the cell.
Therefore, we were interested in independently testingIf all granules were freely diffusible, a uniform distribu-
tion of GFP-tagged peptide would be found. In fact, whether some granules move slowly while others are
immobile. The low density of granules in cell bodies ofclear concentrations of the fluorescent peptide within
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NGF-treated cells (Figures 1B±1D) facilitates tracking 0.01 mm in diameter). Two patterns of movement were
evident: granules 1, 2, and 6 wander around over micronof individual granules. FRAP experiments on such cell
bodies demonstrate the presence of both immobile and distances in this period of time. The mean movement
per image (i.e., in 5 s) in these cases is 0.31 6 0.03 mm.mobile populationsof secretorygranules (data not shown).
Furthermore, conventional imaging experiments indi- The root mean squared movement (drms) was 0.385 mm.
The equation for two-dimensional diffusion, D 5 (drms)2/cate that these cell bodies, like those of dorsal root
ganglion neurons, release peptide (Figure 6). Hence, the 4t, gives a value for the diffusion coefficient of D 5
7.4 3 10211 cm2/s. Hence, these granules are membersmovement of peptidergic secretory granules in the cell
body of NGF-treated cells is relevant. Therefore, time- of the slowly mobile pool. The quantitative agreement
between results from microscopic single-granule track-lapse images were acquired with a low level of illumina-
tion, and movement of single granules was tracked. ing and FRAP experiments implies that photodamage
did not affect granule movement. Furthermore, this con-Figure 7 shows the trajectories of eight granules from
two cells that were imaged every 5 s for 1.5 min. As cordance suggests that mobile peptidergic secretory
granules truly diffuse randomly inside neurons.would be expected for peptide hormone-containing se-
cretory granules, tracked granules were large (0.33 6 FRAP studies also suggested that immobile granules
were present. Consistent with this finding, the move-
ments of five granules in Figure 7 are very restricted
and slow. Although they are not completely stationary,
mean translocation is limited to 0.073 6 0.005 mm per
image. The rms translocation in these cases gives a
diffusion coefficient of 3.9 3 10212 cm2/s. Thus, these
granules are members of the immobile fraction detected
in FRAP experiments. Also consistent with FRAP stud-
ies, immobile granules were readily apparent after depo-
larization. Thus, particle tracking and FRAP experiments
independently support the conclusion that two popula-
tions of cytoplasmic granules can be discerned based
on mobility: one population that moves slowly could
participate in secretory responses,while a secondgroup
of granules is essentially immobile and hence cannot
move to the plasma membrane to release their contents.
Comparison to Previous Studies with PC12
Cells and with GFP
A number of results indicates that proANF-EGFP is tar-
geted to secretory granules. First, labeled granules ac-
cumulated at terminals. Targeting to the constituitive
pathway would not give this distribution (Rivas and
Moore, 1989). Second, the tracked granules were the
expected size for peptidergic secretory granules. Fi-
nally, the size of the secretory responses obtained here
agree with previous experiments with undifferentiated
and NGF-treated PC12 cells (Peppers and Holz, 1986;
Banerjee et al., 1993). Thus, our functional experiments
indicate that proANF-EGFP is targeted efficiently to se-
cretory granules.
A recent study (Lang et al., 1997) found that z22%
of granules labeled with GFPmut2-tagged chromagranin
was not immunohistochemically positive for the chro-
maffincell densecore granule marker dopamine b-hydrox-
ylase (DbH). This measurement may be an overestimate
of mistargeting in our experiments. To our knowledge,
the fidelity of this marker has not been demonstrated
with electron microscopy in NGF-treated PC12 cells.Figure 3. Microfluorimetric Detection of Peptide Release from Sin-
gle Cells or Neurite Endings Furthermore, because DbH immunohistochemistry in-
cluded cell bodies, GFP-containing endoplasmic reticu-(A) Response from neurite to bath application of 100 mM K1. (B)
K1-induced release required bath Ca21. (C) Dialysis of a cell with lum-derived and Golgi-derived vesicles could have been
100 mM Ca21 evokes release. (D) Dialysis of a cell with 0 Ca21 does detected. In addition, previous work by Kaether and
not evoke release. No NGF was used for cells in (C) and (D). (E) One Gerdes (1995) suggests that misprocessing might have
micromolar Br-A23187, a Ca21 ionophore, evokes release from a
been caused by the use of a GFP variant that does notneurite ending in the presence of bath Ca21. (F) The ionophore does
fold as well as EGFP in mammalian cells. Likewise, it isnot evoke release in the absence of bath Ca21. (G) Response to
bath application of 100 mM ATP. extremely unlikely that mislabeled vesicles would sort
Peptide Secretion Is Limited by Granule Mobility
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Figure 4. Confocal Images of Neurite Ending before, 3 Min after, and 20 Min after Bath Application of 75 mM K1
Note that peptide levels are not homogeneous and drop throughout the ending. Images shown were obtained midway up a 2 mm thick neurite
ending. Similar results were observed at all planes of focus. Membrane-specific depletion was not seen even when images were obtained
every 20 s. Neurite endings were typically 2±4 mm thick.
to terminals, be of appropriate size, and redistribute both biochemical and optical methods were used to
verify that proANF-EGFP is released in a Ca21-depen-with secretion. Finally, the worst case scenario of 22%
mistargeting cannot account for our finding that 70% dent manner. It was also shown that the intracellular
distribution and movement of peptidergic granules canof granules are nearly immobile. Therefore, the most
straightforward interpretation of our data is that proANF- be monitored with standard epifluorescence and confo-
cal microscopy. In contrast, prior studies could not de-EGFP is packaged in secretory granules as expected
and that some minor mistargeting, if it occurs, does not tect individual granules (Patterson et al., 1996) or con-
tended with photobleaching (Lang et al., 1997). Thesefundamentally alter the interpretation of our results.
In this report, we established that fluorescence from technical differences may be accounted for by the use
of an EGFP tag. This mutant is 35-fold brighter than wild-a GFP-tagged prohormone can be used to measure
regulated peptide secretion from single cells and neu- type GFP and z2-fold brighter than the mut2 variant
(Cormack et al., 1996). Furthermore, the fact that itsrites. In contrast to previously published experiments,
Figure 5. Fluorescence Recovery after Pho-
tobleaching of a Neurite
(A) Confocal image 10 s after bleaching. Note
the dark region in the middle of the neurite.
(B) Confocal image 10 min after (A).
(C) Quantitation of recovery of fluorescence
in another neurite following photobleaching.
Note that fluorescence in a control region
away from the bleach site is nearly constant
(squares) in this case. Thus, repetitive scan-
ning does not induce marked photobleach-
ing. In contrast, a partial slow recovery is evi-
dent in the photobleached region (triangles).
Mobile fractions were corrected for general
depletion of peptide in cases where de-
creases were seen in the control region.
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Figure 6. Peptide Release from the Cell Body
of an NGF-Treated Cell
Time course of decrease in fluorescence in
cell body evoked by depolarization. Inset: im-
age of cell before treatment with 100 mM K1.
The cell body is outlined.
codon usage has been optimized for mammalian cells kinetics, suggesting that a single step could be rate
determining. Our data raise the possibility that the rate-could increase expression 4-fold over more native jelly-
fish GFP sequences (Yang et al., 1996). Therefore, pre- determining step for sustained release may be diffusion
of granules to sites of exocytosis. Second, it is generallyproANF-EGFP may be particularly useful for studying
granule movement and peptide release. found that secretagogs can evoke release of only a frac-
tion of stored hormones and neuropeptides in a wide
variety of cell types. This fraction is often termed theGranule Mobility Affects the Size and Kinetics
of Peptide Secretion releasable pool. The granule mobility experiments pre-
sented here indicate that many secretory granules areThe combination of granule mobility and peptide release
results presented here suggests that the limited mobility essentially immobile and therefore cannot move to the
membrane to participate in secretory responses. Sinceof secretory granules can account for a number of com-
mon features of regulated neuronal peptide release (Fig- the sizes of the releasable and freely mobile pools are
similar, these pools may be equivalent. Finally, kineticure 8). First, it is known that secretion of neuropeptides
is slow compared to classical synaptic transmission. In measurements have led to the conclusion that there is
a reserve pool of secretory granules in neuroendocrinemany experiments, release evoked by a high concen-
tration of cytoplasmic Ca21 occurred with first order cells. We began our studies with the hypothesis that
Figure 7. Movement of Single Secretory
Granules
Epifluorescence images were acquired at 0.2
Hz for 90 s. (A) and (B) show granules that
were tracked in two cells. Traces show trajec-
tories of individual granules. Because gran-
ules sometimes returned to specific locations
more than once, 18 separate points are not
necessarily evident. Note that some granules
diffuse slowly while others are nearly immo-
bile. Size bars in (A) and (B) are 2 mm.
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photomultiplier tube powered by a dual-channel ratio fluorometerthe reserve pool would be comprised of slowly moving
(Biomedical Instrumentation Group,University of Pennsylvania). Thegranules that were located in the core of neurites far from
signal was displayed and recorded using the X-chart module of thesecretory sites. However, specific depletion of peptide
PULSE program (HEKA Electronik) on a Power Macintosh computer.
near the plasma membrane was not observed. Hence, Electrophysiology experiments were performed with an EPC-9
granules that were not initially next to the membrane patch clamp (HEKA Electronik) driven by the same computer and
program. Pipette solution contained 125 mM CsGlutamate, 30 mMmay have diffused to the membrane to release their
Cs-HEPES (pH 7.3), 20 mM TEA-Cl, 10 mM NaCl, 3 mM MgATP, 1contents. Furthermore, essentially immobile granules
mM MgCl2, 0.3 mM GTP, and either 0.1 mM CaCl2 (for Ca21 dialysisdistributed throughout nerve terminals may constitute
experiment) or 0.5 mM EGTA (for 0 Ca21 dialysis experiment). Forthe reserve pool. This possibility suggests that facilita-
K1-induced depolarization, 50±100 mM NaCl in the bathing solution
tors of peptide release could increase brief and sus- was replaced with KCl.
tained secretory responses by mobilizing tethered or Confocal microscopy was performed with a Molecular Dynamics
2001 scanning laser confocal microscope with a 603 oil immersionentrapped granules (Figure 8 legend). Our results do
objective (1.4 NA). Photobleaching of 1.8 mm strips was achievednot exclude a role for granule localization because it is
by performing rapid line scans at 100% laser illumination at 488possible that in some cells immobile granules are not
nm. All 2-D scans were performed with 3% maximal laser intensity.evenly distributed. Thus, it will be of interest to study
Recovery data were corrected for possible fluorescence loss in
the mechanisms that control secretory granule mobility photobleaching (FLIP) effects by analyzing a control region within
and distribution in a variety of neuronal and endocrine the same neurite.
Biochemical secretion assays were performed on transfectedcell types.
NGF-treated PC12 cells grown at z50% confluence in 100 mm
tissue culture dishes. On the third day following transfection, cellsExperimental Procedures
were washed twice with Ca21-free, 1 mM EGTA-containing bathing
solution. The bathing solution was then changed to include eitherThe preproANF-EGFP construct was made by subcloning the PstI-
(1) 5 mM Ca21, (2) 0 Ca21, 1 mM EGTA, (3) 75 mM K1, 5 mM Ca21, orKpnI fragment of the rat preproANF cDNA (Seidman et al., 1984)
(4) 75 mM K1, 0 Ca21, 1 mM EGTA. After 20 min at room temperature,into the corresponding site of pEGFP-N1 (Clontech) followed by
extracellular solution was collected for release assays. The re-changing frame with digestion and filling in at the BamHI site of the
maining cells were hypotonically lysed and centrifuged to removevector. The resulting construct lacks the last two amino acids (RR) of
cellular debris. Supernatants were used for determination of re-ANF and possesses an additional 11 amino acids (CGPGINPPVAT)
maining peptide content. ANF-EGFP was concentrated using Sep-between ANF and EGFP.
pak C18 cartridges (Waters) and assayed by radioimmunoassay (Hu-PC12 rat pheochromocytoma cells were grown in Dulbecco's
ang et al., 1991) using [125I]rat-ANP reagent pack (Amersham Lifemodified Eagle's medium (DMEM) supplemented with 10% fetal
Sciences). K1-induced release in the presence of Ca21 was calcu-bovine serum (FBS) at 378C in a 5% CO2 incubator. After trypsiniza-
lated by subtracting released peptide in (1) from (3). For K1-inducedtion, cells were plated on polylysine-coated coverslips. After 1 day
release in the absence of Ca21, (2) was subtracted from (4). Releasein culture, medium was replaced with DMEM, and cells were
was expressed in terms of percent total peptide content.transfected for 2 hr with the preproANF-EGFP vector using the
For P2 isolation, PC12 cells were rinsed in normal saline and sus-lipofection reagents lipofectamine (GIBCO-BRL) or Tfx-50 (Pro-
pended in 2 ml of a hypotonic lysis buffer consisting of 10 mMmega). The medium was then replaced with DMEM with 10% FBS
sodium phosphate (pH 7.4). Cells were then homogenized with 40and 50 ng/ml 2.5S NGF (GIBCO-BRL). For experiments in undifferen-
strokes of a dounce homogenizer. Lysates were brought to a volumetiated cells, no NGF was included. After two or more days in culture,
of 30 ml in ice cold buffer containing 0.32 M sucrose, 10 mM HEPES,coverslips were placed in a chamber and viewed on an inverted
and 0.1 mM EDTA (pH 7.4). Samples were centrifuged at 750 3 gmicroscope. Standard bathing solution included 140 mM NaCl, 5
for 5 min at 48C for the removal of nuclei and cellular debris (P1).mM CaCl2, 5.4 mM KCl, 0.7 mM MgCl2, 10 mM glucose, and 10 mM
The supernatant was collected and centrifuged at 100,000 3 g forNa-HEPES (pH 7.4). Experiments were performed at room tempera-
1 hr at 48C resulting in the P2 pellet. The P2 fraction was collectedture (i.e., 228C±258C).
and processed for Western blot (WB) analysis using a 1:2000 dilutionMicrofluorimetry was performed on an inverted microscope using
of a rabbit polyclonal anti-GFP antibody (Clontech) and a horserad-a 403 oil immersion objective (1.3 numerical aperture [NA]). Light
ish peroxidase-conjugated goat anti-rabbit secondary antibody. Im-from an attenuated mercury arc lamp was passed through a stan-
dard wide band FITC optic cube and recorded by a Thorn Emi munoreactivity was visualized by ECL (NEN).
Figure 8. Model of Neuropeptide Secretion
The reserve pool is made up of immobilized
granules distributed throughout the cyto-
plasm. Immobilization may be due to a stable
interaction with the cytoskeleton. Such an in-
teraction might be produced by direct bind-
ing or by a caging effect. Free granules move
slowly and are releasable. The readily releas-
able pool, which is small in neurite endings,
is proposed to be composed of docked gran-
ules that can release their contents in the
presence of Ca21. Docking kinetics is limited
by the slow diffusion of granules. Facilitators
may shift the equilibrium between immobi-
lized and mobile granules to the right. This
would lead to an increase in the maximal size
of sustained secretory responses (i.e., the re-
leasable pool). Furthermore, mass action
would increase the size of the readily releas-
able pool.
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Particle-tracking experiments were performed similarly to mi- microscopy studies of secretion using insulin-green fluorescent pro-
tein. Biophys. J. 70, A426.crofluorimetry experiments except for the use of a 1003 oil immer-
sion objective (1.3 NA) and an attenuated Xenon lamp. Images were Peppers, S.C., and Holz, R.W. (1986). Catecholamine secretion from
collected using a cooled CCD camera (Quantix, Photometrics, Inc.) digitonin-treated PC12 cells. Effects of Ca21, ATP and protein kinase
and analyzed with Isee software from Inovision. C inhibitors. J. Biol. Chem. 261, 14665±14669.
Data are expressed in terms of means and standard errors. Only Rivas, R.J., and Moore, H.P. (1989). Spatial segregation of the regu-
one cell or neurite was assayed per coverslip in optical experiments. lated and constitutive secretory pathways. J. Cell Biol. 109, 51±60.
For optical experiments, n refers to number of cells or neurite end-
Sei, C.A., Hand, G.L., Murray, S.F., and Glembotski, C.C. (1992). Theings measured. For biochemical experiments, n refers to the number
cosecretional maturation of atrial natriuretic factor by primary atrialof independent experiments performed.
myocytes. Mol. Endocrinol. 6, 309±319.
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